Invasive Streptococcus pyogenes infections were once an especially rare occurrence; however, since the 1980s a dramatic increase has been observed (22, 35) . Although the rates of invasive disease have now stabilized in the United States, invasive S. pyogenes infections still remain a significant health care issue due to the difficulty of diagnosis and management (3) (http://www.cdc.gov/ncidod/dbmd/diseaseinfo /groupastreptococcal_t.htm). Alarming mortality rates of up to 25% for patients afflicted with necrotizing fasciitis and up to 50% for toxic shock syndrome patients are still reported (6, 35) . In many cases, these invasive diseases progress rapidly out of control despite antibiotic treatment and surgical debridement (35) . The recent increase in invasive S. pyogenes disease emphasizes the ability of this organism to continue to adapt and evolve over time by acquiring new survival strategies that allow dissemination and growth in previously uninhabitable sites.
In an effort to determine the factors involved in S. pyogenes invasive disease, a previously described zebrafish infectious disease model was used for analysis of the necrotizing fasciitis disease state (33) . In humans, this disease is characterized as a rapidly progressing infection of the subcutaneous tissue resulting in the extensive destruction of fascia and adipose tissue (3). Bakleh et al. (1a) formulated a novel classification scheme for characterization of clinical cases of necrotizing fasciitis. Patients with stage 3 disease, which was characterized by little to no neutrophil response but a heavy bacterial load in the infected tissue, were found to have a higher mortality rate than patients with stage 1 or 2 disease. Similar observations have been made in both human and animal model studies (8, 17, 50) . Hidalgo-Grass et al. (17) profiled two case studies in which one patient was afflicted with necrotizing fasciitis and the other patient suffered from myonecrosis. Both patients were infected with S. pyogenes serotype M14 strains. Histological analysis of the necrotic tissue biopsy specimens from each patient showed high bacterial loads but no neutrophil infiltration. The zebrafish model for necrotizing fasciitis also exhibits little or no inflammatory cell infiltrate and a high bacterial load with an M14 serotype strain, S. pyogenes HSC5 (33) . Zebrafish have monocytes and macrophages that are functionally and morphologically similar to those of humans and other mammals (25) , and these cells have been shown to phagocytose and clear bacteria in vivo (16) . Because of the immunological similarities of the zebrafish model to mammalian systems (see reference 38 and the references within), we can address questions directly related to host-pathogen interactions and the influence on infection. Therefore, the observations of S. pyogenes infection in zebrafish are directly relevant to human disease.
Two mutant strains with insertions in two separate genes of the salivaricin A lantibiotic locus (sal locus) were identified using transposon mutagenesis with the S. pyogenes HSC5 strain. Salivaricin A was first identified and isolated from Streptococcus salivarius (42) . The function of this locus in S. salivarius is to produce and process a peptide, which is secreted to act as a signal for a two-component regulatory system for transcriptional regulation of the operon, as well as a lantibiotic to kill other gram-positive bacteria. Genetic analysis revealed that 85 of 87 strains (encompassing 53 M serotypes) of S. pyogenes were found to have the structural gene for the lantibiotic and additional regions of the sal locus; however, various mutations or deletions in genes encoding the SalM lantibi-otic-processing protein and/or the SalT transporter protein were observed in S. pyogenes (54) . Even though most elements in this locus have been conserved, nearly all S. pyogenes strains tested have been found to be sensitive to the inhibitory effects of salivaricin A produced by S. salivarius (42, 44) , suggesting that immunity to the lantibiotic and the ability to produce an active lantibiotic have been lost. Loss of these traits has occurred in spite of the fact that the sequenced genomes of S. pyogenes all appear to have retained intact sequences of the salA gene and the downstream salXYKR genes (putative immunity and two-component regulator genes).
The data presented here demonstrate that the SalY protein of S. pyogenes HSC5 has a significant role in virulence. The loss of SalY results in an inability to survive within macrophages, both in vivo and in vitro. Moreover, depletion of macrophages in the host results in a reestablishment of virulence by the mutant to wild-type levels. The SalY protein has homology to ABC transporter permeases and is proposed to play a role in immunity in S. salivarius by protecting the bacterium from the effects of the secreted lantibiotic (52) . Our results are consistent with the hypothesis that the SalY protein performs an immunity function, but the protection conferred is no longer to the lantibiotic but rather to an innate immune function of the host. Multiple amino acid differences, which resulted in a change in charge, were found in the S. pyogenes SalY protein compared to the sequence of S. salivarius SalY. We propose that these changes resulted in an evolutionary adaptation, thereby allowing survival of S. pyogenes in a new environment. The overall conservation of key components of the sal locus in S. pyogenes, in the absence of an active lantibiotic, demonstrates that a selective pressure is present in the natural environment and that these factors contribute to a successful infection.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. All plasmids were maintained in either Escherichia coli TOP10 cells (Invitrogen) or E. coli DH5␣. E. coli strains were cultured in Luria-Bertani broth (BBL) supplemented with the appropriate antibiotics, at concentrations of 50 g/ml kanamycin or 15 g/ml chloramphenicol. E. coli cultures were grown at 37°C under aerobic conditions. The wild-type S. pyogenes strain used in this study was HSC5, which is a serotype M14 strain (15, 30) . S. pyogenes strains were cultured in Todd-Hewitt medium (BBL) supplemented with 0.2% yeast extract (THYB) or in Todd-Hewitt medium supplemented with 0.2% yeast extract and 2% proteose peptone (TP; BBL). S. pyogenes cultures were grown in TP overnight and diluted 1:50 in TP the next day to bring the cultures to mid-log phase. When necessary, antibiotics were added to S. pyogenes cultures at concentrations of 500 g/ml kanamycin or 3 g/ml chloramphenicol (Sigma). Solid medium was prepared by adding 1.4% agar (BBL). S. pyogenes broth cultures were grown at 37°C in 15-ml screw-cap conical tubes without shaking. Solid media were incubated in an anaerobic gas chamber with GasPak (BBL) envelopes at 37°C.
Construction of transposon mutants. To identify secreted proteins involved in virulence, a suicide vector, pCMG8, which carries an alkaline phosphatase gene, phoZ (cloned from Enterococcus faecalis), and transposon Tn4001, was employed (10) . The phoZ gene lacks the first 18 codons of its own signal sequence and acts as a reporter gene in this assay. The alkaline phosphatase activity is dependent on the export of the protein to the cell surface. Within the vector, the phoZ gene is adjacent to the left inverted repeat of the insertion sequence of the transposon. The vector also carries a kanamycin resistance gene for selection. When the transposon inserts into a gene that encodes a designated export protein, the PhoZ protein is trafficked to the cell surface. Colonies are purified on TP plates supplemented with 500 g/ml kanamycin and then assayed for alkaline phosphatase activity.
Alkaline phosphatase activity. To determine alkaline phosphatase activity, a colorimetric filter lift assay was used as described previously (10) . Colonies that were alkaline phosphatase positive were stored as glycerol stocks at Ϫ80°C until screening in the zebrafish model.
Sequencing of the sal locus. The sequence of the HSC5 salA operon was determined by sequencing overlapping fragments of the locus, using Platinum high-fidelity Taq polymerase (Invitrogen) for PCR amplification. Primers were designed by referring to the completed genome sequence of the S. pyogenes serotype M3 strain MGAS315 (Table 1) . Sequencing was conducted at the Wayne State University genomics core facility. Sequences were evaluated and aligned using the Genomics Computer Group (GCG; University of Wisconsin) program. Each fragment was sequenced using both the 5Ј and 3Ј primers.
Deferred-antagonism assay. The method of deferred antagonism described by Tagg and Bannister (49) was used with minimal modifications. Briefly, S. salivarius was streaked on a Columbia agar plate with 5% sheep blood using a cotton swab and then incubated at 32°C for at least 18 h. The growth was removed by scraping the surface of the agar with the edge of a glass coverslip and then inverting the plate over chloroform-soaked filter paper in the lid of a petri dish for 30 min. Following chloroform exposure, the plate was exposed to air for 15 min. Overnight cultures of the strains to be tested were grown in THYB, crossstreaked at a right angle to the original S. salivarius streak, and then incubated overnight. Growth inhibition was determined by observing zones of interference in the region originally occupied by the S. salivarius strain. The strains used were a laboratory strain of Micrococcus luteus as a positive control for growth inhibition, a laboratory strain of Staphylococcus epidermidis as a negative control for inhibition (growth across the original streak), wild-type HSC5, and the SalY mutant strain. Both HSC5 and the SalY mutant were inhibited for growth in the region of the S. salivarius streak.
Zebrafish model. Zebrafish were maintained according to established protocols in the laboratory (33) . Prior to injection, zebrafish were anesthetized in Tris-buffered tricaine (3-amino benzoic acidethylester; Sigma), pH 7.0, 168 g/ ml. Using a U-100 ultrafine insulin syringe with a 29-gauge needle (BD Scientific), an inoculum of 1 ϫ 10 5 CFU log-phase bacteria was injected into the dorsal muscle for an intramuscular (i.m.) injection or just in front of the ventral fins for an intraperitoneal (i.p.) injection as described previously (33) .
Determining LD 50 . The 50% lethal dose (LD 50 ) for infection of zebrafish by i.m. routes of infection was determined for each mutant. The fish were challenged with bacterial suspensions ranging from 1 ϫ 10 2 to 1 ϫ 10 6 CFU. At least 50 is calculated based on survival data using the method of Reed and Muench (40) .
CI assay in vivo. S. pyogenes strains were grown separately to mid-log phase (optical density at 600 nm of 0.300). Cultures of 1 ϫ 10 8 CFU bacteria were washed and resuspended in 1 ml of fresh TP. Wild-type bacteria and a single mutant strain were then mixed at a 1:1 ratio. The culture was brought to 1 ϫ 10 7 CFU/ml in TP, and 1 ϫ 10 5 CFU was injected i.m. into the zebrafish. The input inoculum was serially diluted and plated on solid media both with and without the appropriate antibiotics to determine the input ratio. At 24 h postinjection, spleens were recovered from the euthanized fish. The organs were homogenized and plated on solid media both with and without the appropriate antibiotics to determine the output ratio. The competitive index (CI) was determined by dividing the output ratio of the mutant strain to the wild-type strain by the input ratio of the mutant to the wild type. A minimum of eight fish were used in all the CI experiments.
Dissection of fish. Dissected spleens were placed in a 1.5-ml microcentrifuge tube in 300 l of phosphate-buffered saline (PBS; pH 7.2) and homogenized with a microcentrifuge tube tissue grinder (Kontes, Fisher Scientific). Serial dilutions of homogenates were performed in PBS, and the numbers of CFU were determined by plating the dilutions on solid medium with the appropriate selective antibiotics.
Histology of S. pyogenes-infected zebrafish. Zebrafish were injected as described above. At specified time points, the zebrafish were euthanized and whole fish were fixed in 10% formalin for 24 h. Next, the zebrafish were washed with increasing concentrations of ethanol. Following a final 2-h wash in 100% ethanol, the fish were incubated in toluene for another 24 h. The fish were then placed in tissue cassettes and 60°C paraffin including tissue infiltration medium. The fish were incubated in a 60°C water bath for at least 1 hour, the paraffin was changed, and the fish were incubated for 48 h in the same water bath. Finally, paraffin was added without the tissue infiltration medium, and the cassettes were cooled. Five-micrometer sections were prepared on microscope slides. The slides were stained using a standard hematoxylin and eosin staining procedure.
RAW 264.7 cell culture. RAW 264.7 cells (39), a cultured murine macrophage cell line, were cultured in Dulbecco's modified Eagle medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), penicillinstreptomycin (Invitrogen) at 100 U/ml and 100 g/ml, respectively, and ampicillin (Sigma) at 50 g/ml.
Gentamicin protection assay. RAW 264.7 cells were seeded at 1 ϫ 10 6 cells per well into a 24-well plate. The following day, cells were washed three times with PBS. Washed log-phase bacteria suspended in DMEM plus 10% FBS were added at 1 ϫ 10 6 CFU/ml per well, a multiplicity of infection (MOI) of 1. Following a brief centrifugation, 5 min at 1,000 rpm with a slow start and stop at room temperature, the plate was incubated at 37°C in a 5% CO 2 incubator for 1 h. Each well was then washed five times with PBS to remove any nonadherent bacterial cells. Fresh DMEM plus 10% FBS was added, supplemented with 100 g/ml gentamicin (Invitrogen), to each well, and the plate was incubated for an additional hour. Aliquots were taken from supernatants and plated to determine that all extracellular bacteria were killed by the 1-hour gentamicin treatment. Following the gentamicin treatment, the plate was washed three times with PBS. At this point, one set of wells were lysed by the addition of 1 ml of sterile double-distilled water to establish the 0-h time point. The resulting lysate was serially diluted and plated to enumerate the bacteria surviving intracellularly. Fresh DMEM plus 10% FBS containing no antibiotics was added to each remaining well. At 2-, 4-, 8-, 12-, 16-, 20-, and 24-h time points, aliquots were taken from the supernatants and cells were lysed and plated to enumerate intracellular and emerging bacteria at each time point.
TEM. RAW 264.7 cells infected with S. pyogenes strains were examined using transmission electron microscopy (TEM). RAW 264.7 cells were grown in 75-cm 2 tissue culture flasks and infected at an MOI of 1 with S. pyogenes strains. The infection procedure was the same as described above. At 2-, 4-, and 24-hour time points, cells were scraped and processed for TEM. The cells were fixed using a fixative at a 1:1:1 ratio that consisted of 2% OsO 4 , 2.5% glutaraldehyde in 0.1 M phosphate buffer, and 0.2 M Sorenson's phosphate buffer. Cells were incubated in the fixative for 1.5 h in an ice bath. Cells were pelleted and resuspended in fresh fixative and incubated for an additional 1.5 h. Following a series of three washes in cold 0.1 M phosphate buffer, the cells were treated with increasing concentrations of ethanol to wash and dehydrate the samples. The dehydration process was continued with two additional treatments of 100% propylene oxide for 30 min each. The samples were next infiltrated with increasing concentrations of Epon-Araldite plastic, and finally the samples were embedded in curing molds using fresh Epon-Araldite. The molds were allowed to polymerize at room temperature for 24 h, at 40°C for 24 h, at 60°C for 8 h, and at 80°C for 24 h. Ultrathin slices of the samples were prepared. For viewing the samples, a JEOL JEM 1010 transmission electron microscope with a Gatan slow-scan chargecoupled device camera and digital imaging software was used.
LIVE/DEAD staining of RAW 264.7 cells. RAW 264.7 cell viability following infection with S. pyogenes was determined by using a LIVE/DEAD BacLight bacterial viability kit (Invitrogen/Molecular Probes). The Syto9 green fluorescent nucleic acid stain works independently of the level of membrane damage and stains all cells green. The propidium iodide stains the nuclei of cells with compromised cell membranes. RAW 264.7 cells were loaded onto a 24-well plate with 1 ϫ 10 6 cells/well into wells containing sterile glass coverslips. RAW 264.7 cells were infected as described above and were mounted with BacLight mounting medium (Invitrogen/Molecular Probes) onto microscope slides. The slides were examined under epifluorescence with a Zeiss Axioskop 40 microscope.
Construction of the salY complement. The full-length salY gene and ribosomal binding site were PCR amplified using HSC5 chromosomal DNA as a template. The primers used in this reaction included 5Ј salY EcoRI-CCG GAA TTC GAT AGA GGA GAG TAA TAT C and 3Ј salY PstI-AAA ACT GCA GCA TAT TAT TTA CTT AAT CG. The resulting fragment was cloned downstream of the streptococcal rofA promoter on the pLZ12 vector (13, 34) . This expression vector was propagated in E. coli TOP10 cells (Invitrogen), and the plasmid was purified using a plasmid midi prep kit (QIAGEN). The correct construct was confirmed by PCR and sequencing. The purified plasmid DNA was transformed into the SalY mutant using an established protocol (5). The wild-type strain and the SalY mutant were transformed with the empty vector lacking the salY gene as controls. Restoration of expression of the full-length salY gene was confirmed by reverse transcription-PCR (data not shown).
Cytospins of zebrafish spleens. Zebrafish were injected i.m. with 1 ϫ 10 5 CFU as described above. At 16 h postinjection, the fish were euthanized and dissected spleens were gently homogenized in PBS by being passed through a 27-gauge needle (BD Scientific). The homogenate was loaded onto the funnel of a cytospin column with a glass microscope slide and centrifuged for 5 min at 700 rpm in a cytospin centrifuge (Shandon, Thermo). The centrifugation step applies a single layer of fish splenic cells to the microscope slide. The slides were then stained using DifQuik (Fisher) stain for visualization.
Crude cell lysate assay. RAW 264.7 cells were seeded onto a 24-well plate at 2 ϫ 10 6 cells/well. Separate groups of cells were stimulated overnight with gentamicin-killed wild-type bacteria for the purpose of activating the cells. A control group of unstimulated cells was also included. The stimulated and unstimulated RAW 264.7 cells were washed one time with PBS, and six wells of 2 ϫ 10 6 cells/well were lysed in 1 ml sterile double-distilled water. The bacteria were grown to mid-log phase, and 1 ϫ 10 8 CFU were washed and resuspended in 1 ml PBS. Bacteria were added to 1 ml DMEM supplemented with 10% FBS at a concentration of 3.33 ϫ 10 6 CFU. The crude cell lysate was added to the bacterial cultures in DMEM plus 10% FBS at a 1:9 ratio. The cultures were incubated at 37°C in 1.5-ml tubes for 7 h. At the specified time point, the cultures were serially diluted and plated to enumerate the bacteria.
CAR-treated zebrafish. The zebrafish carrageenan (CAR) procedure was adapted from CAR treatment for mice (11, 46, 55) . A 10-mg/ml stock solution of CAR (Sigma) in warm PBS was prepared. Zebrafish were incubated in 100 g/ml streptomycin for a minimum of 24 h to reduce the commensal bacterial load. Zebrafish were then injected i.p. with 100 g CAR. Control fish were injected i.p. with 10 l of PBS. All experimental fish were immediately injected i.m. with the appropriate bacterial strain. At time points of 2, 4, 8, 12, 16, 20, and 24 h, zebrafish treated with either CAR or PBS were euthanized and the dorsal muscles (at the site of injection) and spleens were dissected and homogenized. The homogenate was serially diluted and plated to enumerate the bacteria recovered from each tissue sample.
To confirm that macrophages were depleted by CAR in the zebrafish, cytospin preparations of spleens removed from treated and nontreated fish were evaluated at 16 h postinjection. To account for slide-to-slide variations, the number of macrophages present was determined in relation to the number of red blood cells (RBCs) present in the same field of view, as CAR has no effect on RBCs. Three slides per condition (CAR treated or PBS treated) were evaluated, and at least 15 fields of view were enumerated per slide. For PBS-treated zebrafish, the number of macrophages 
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Transposon mutagenesis screen.
In an effort to identify membrane and secreted streptococcal proteins that may be specifically involved in the necrotizing fasciitis and myonecrosis disease state, we employed the zebrafish infectious disease model to screen a library of transposon mutants. As mentioned above, the clinical syndromes reported for human patients with these diseases are highly similar to what we observe in the zebrafish. The library was generated using the previously described genetic tool TnFuZ, which has an alkaline phosphatase gene (phoZ) inserted in the Tn4001 transposable element (10). The phoZ gene lacks a signal sequence and acts as a reporter gene in this assay. Transformants that were positive for alkaline phosphatase activity identified mutants with an insertion of the TnFuZ element into a gene encoding a secreted protein.
Multiple transformations resulted in 94 alkaline phosphatasepositive transformants, which were subsequently screened through the zebrafish infectious disease model. Zebrafish infections were performed by i.m. injection of 1 ϫ 10 5 CFU (ϳ100 times the LD 50 ) as described previously (33) . That fish survived infection with an alkaline phosphatase-positive mutant suggested the possibility that an important virulence factor had been disrupted by the transposon insertion. Seven mutants were identified as being significantly attenuated for virulence compared to the wild-type strain and were sequenced to identify the location of the transposon insertion by comparison to S. pyogenes genomes (NCBI; http://www. ncbi.nlm.nih.gov /BLAST/). Virulence attenuation was measured by two methods: the LD 50 was measured for each of the mutants and a CI assay was performed to determine how well the mutant competed directly with the wild-type strain in vivo ( Table 2) .
One of the most attenuated mutants isolated had an insertion in the emm gene, encoding the M protein (Table 2) . Numerous studies have indicated the importance of the membrane-bound M protein in S. pyogenes virulence (reviewed in reference 9). One of the primary functions determined for the M protein is the inhibition of phagocytosis. The isolation of a mutant strain with an insertion in a well-known, membranebound S. pyogenes virulence factor in the zebrafish animal model validated the ability of the screen to identify proteins important for pathogenesis.
Two of the attenuated mutants were found to have insertions in the salivaricin locus, a putative lantibiotic-producing operon. The Ac1 mutant had an insertion in the salY gene, encoding a putative ABC transporter with an LD 50 of 7 ϫ 10 5 CFU, which was more than 2 logs higher than the wild-type LD 50 of 3 ϫ 10 3 CFU ( Table 2 ). The CI for the Ac1 mutant was 0.008, indicating a virulence that was 2 logs lower than that of the wild-type strain. The Cc1 mutant, with an insertion in the salK gene, encoding a putative histidine kinase, was also highly attenuated, with an LD 50 of 1 ϫ 10 5 CFU and a CI of 0.020.
Comparative analysis of the salivaricin locus. The salivaricin locus was sequenced in order to compare the HSC5 serotype M14 sequence to other known S. pyogenes and S. salivarius sequences and to determine the location of the Ac1 and Cc1 insertions (Fig. 1) . Sequencing results revealed that the salA gene, encoding the SalA prepropeptide, was intact, with the same 51-amino-acid sequence as other S. pyogenes strains, which have 5 amino acid residue changes from the S. salivarius SalA sequence (44) . However, downstream of salA, two singlenucleotide mutations, which subsequently introduce two stop codons, were found in the salM coding sequence (Fig. 1) . SalM is responsible for the dehydration and cyclization or the thioether linkage formation of the SalA prepropeptide in S. salivarius (37, 54) . The introduction of two stop codons, at codons 176 and 513 of the 944-amino-acid protein, most likely results in a truncated, nonfunctional protein, which would also result in the loss of the ability to process the SalA peptide into the active lantibiotic form.
Immediately downstream of salM are the salT1 and salT2 genes. The salT gene has a single-nucleotide deletion that results in a frame shift compared to the S. salivarius salT, producing two separate open reading frames. The same frame shift mutation is also found in the serotype M3 S. pyogenes strain MGAS315 (54). In S. salivarius, the full-length salT gene codes for a bifunctional protein with two separate domains. 
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The N-terminal domain is responsible for cleavage of the leader sequence of SalA (HSC5 salT1), while the C-terminal domain (HSC5 salT2) functions in the transport of the processed propeptide (54) . The salX, salY, salK, and salR genes are conserved in the HSC5 M14 serotype as well as among the other published sequences of S. pyogenes serotypes. The SalX and SalY proteins have homology to ABC transporters, ATPase and permease, respectively, and have been proposed to act in immunity to salivaricin in S. salivarius (51) , although this function has not been experimentally confirmed. SalK and SalR have homology to a two-component regulatory system. Conservation of these genes in the absence of a functional lantibiotic suggests that there is a selective pressure to retain these genes. Alignment of the SalY amino acid sequences from all available S. pyogenes genomes with the HSC5 SalY revealed high conservation among strains (between 98 and 100% identical) (data not shown). The HSC5 SalY sequence was 90% identical to that of S. salivarius, although 49 of 635 amino acid residues of S. salivarius were different from those of all the S. pyogenes strains examined (data not shown). Of the 49 amino acid changes from the S. salivarius sequence, 20 resulted in a change in the charge of the residue. Fourteen of the 20 amino acids that have a change in charge are located in a predicted extracellular loop in the putative 10-transmembrane domain protein (http://bioweb.pasteur.fr/seqanal/interfaces/toppred). The high number of amino acid changes in S. pyogenes compared to the changes in S. salivarius may represent a shift in specificity for binding and/or export of the substrate by SalY due to either a change in charged residues or conformational changes induced.
Using an S. salivarius strain (Carolina Biologicals) that was positive for the sal locus by PCR, a deferred-antagonism assay was performed as previously described (49) (data not shown). Results confirmed that the HSC5 strain is susceptible to inhibition from secreted products produced by S. salivarius as reported for nearly all S. pyogenes strains tested (42, 44) .
Bacterial survival assay in the zebrafish animal model. In this report, our analysis focuses on the most highly attenuated strain, the Ac1 mutant with an insertion in the salY gene, which we will refer to as the SalY mutant strain. Initial analysis of the infected dorsal muscle tissue sections from the SalY mutant 24 h postinfection revealed major differences from a wild-type infection ( Fig. 2A and B) . Dorsal muscle tissue from an infection with the wild-type strain shows the characteristic necrosis of the muscle tissue and the absence of infiltration of inflammatory cells with large aggregates of bacteria as has been reported previously (33) (Fig. 2A) . In sharp contrast is the histology from an infection with the SalY mutant, which shows massive infiltration of inflammatory cells to the site of infection and no aggregates of bacteria (Fig. 2B) .
Since the SalY mutant was significantly attenuated in the zebrafish model (Table 2 ) and the histology from a SalY mutant infection was strikingly different from the histology from a wild-type infection, the levels of bacterial loads were examined over a 24-h time period. Zebrafish were infected with the wild-type strain, the SalY mutant strain, or the M protein (Emm) mutant strain. The Emm mutant is highly attenuated in the zebrafish animal model, with an LD 50 of 5 ϫ 10 5 CFU, which is comparable to the attenuation of the SalY mutant, with an LD 50 of 7 ϫ 10 5 CFU (Table 2) . At 2, 4, 8, 12, 16, 20, and 24 h after i.m. injection, the zebrafish were euthanized and the spleens were aseptically removed and gently homogenized. The homogenate was serially diluted and plated to enumerate bacteria. The numbers of CFU of all three strains stayed between 10 2 and 10 4 until the 12-hour time point (data not shown). After 12 h, the wild-type strain shows more than a 1-log increase in number of CFU, and the count remains relatively constant throughout 24 h (Fig. 2C) . The Emm mutant 5 CFU. The fish were euthanized, and spleens were removed for bacterial isolation at the indicated time points. Zebrafish were injected i.p. with sterile PBS to act as a negative control for later experiments (see Fig. 5C (Fig. 2C) . SalY attenuation in zebrafish and murine macrophages. Initial characterization of the SalY mutant demonstrated that the strain was deficient for survival in the RAW 264.7 murine macrophage tissue culture assay (Fig. 3A) . This was not due to a metabolic defect in growth, as the SalY mutant strain grows as well as the wild-type strain in normal laboratory media (THYB and TP) and a minimal medium (data not shown). RAW 264.7 cells were infected at an MOI of 1 with the wild type or the mutant strain as described in Materials and Methods. At the indicated time points, aliquots were taken from supernatants and the cells were lysed. Lysates and supernatants were serially diluted for enumeration of intracellular and emerging bacteria. Similar numbers of CFU were recovered from infections with the two strains at early time points; however, by 8 h after treatment with gentamicin, the number of wild-type CFU started increasing while the number of SalY mutant CFU started decreasing. By 24 h, there were approximately 1,000-fold fewer SalY mutant CFU recovered than wild-type CFU (Fig. 3A) . Complementation of the SalY mutant was accomplished by expressing the salY gene from a plasmid, resulting in the recovery of wild-type levels of CFU by 24 h (data not shown). Examination of infected RAW 264.7 cells by TEM was consistent with the above-described tissue culture results. At early time points after infection, there was very little difference observed between cultures infected with the wild type or the SalY mutant (data not shown). However, by 24 h, most of the wildtype-infected macrophages were lysed or contained many intracellular cocci in the cytoplasm (Fig. 3B, top panels) . In contrast, the SalY-infected macrophages exhibited an activated morphology, and the few cocci found were in large vacuoles (Fig. 3B, bottom panels) . Similarly, using fluorescent stains to measure cell membrane permeability (LIVE/DEAD BacLight; Molecular Probes) demonstrated that infection with the wild-type strain resulted in cell death by 24 h postinfection, while the macrophages infected with the SalY mutant showed an activated morphology and had cell membranes that were impermeable to the propidium iodide DNA stain (data not shown).
Crude cell lysates inhibit bacterial growth. To determine whether an inhibitory factor produced by the RAW 264.7 cells was having an effect on the S. pyogenes strains, crude cell lysates of unstimulated and stimulated RAW 264.7 cells were prepared and incubated with the bacterial cultures. The unstimulated RAW 264.7 cells were seeded on a 24-well plate and incubated overnight under normal tissue culture conditions. Stimulation of the RAW 264.7 cells was accomplished by incubation overnight with gentamicin-killed wild-type bacteria. The following day, the RAW 264.7 cells were lysed and the whole-cell crude lysates were added to bacterial cultures in DMEM plus 10% FBS. Bacterial survival was assessed after a 7-hour incubation at 37°C (Fig. 4) . When sterile double-distilled water was added to the cultures alone (in the absence of cell lysates), there was no difference between the levels of wild-type and mutant growth. The addition of either stimulated or unstimulated cell lysates to the wild-type culture resulted in about 60% growth inhibition compared to the growth in nontreated cultures, which correlates with the growth observed in cultures where CFU numbers stay relatively constant until the 8-h time point (Fig. 3A) . However, the degree of inhibition was significantly greater for the SalY mutant (Fig. 4) . Not only was the growth of the SalY mutant inhibited, but the number of recovered bacterial CFU after the 7-hour incubation was reduced from the starting inoculum from the addition of both the stimulated and unstimulated cell lysates, indicating that some cell deaths had occurred. The crude cell lysate data further support the hypothesis that the macrophages are able to inhibit, and even kill, the SalY mutant strain at 7 h postinfection, while the wild-type strain is less susceptible to this inhibition.
Examination of zebrafish macrophages. To determine if this phenomenon played a role in virulence in vivo, zebrafish macrophages were examined during an infection with both the wild-type and SalY mutant strains. At 16 h after i.m. injection, the fish were euthanized, the spleens were aseptically removed and gently homogenized, and cytospin preparations were made of the lysates. Wild-type-infected zebrafish showed evidence of infected splenic cells, and while some chains of cocci were found to be extracellular, the majority of the bacteria were localized intracellularly, within macrophages (Fig. 5A) . The SalY-infected zebrafish showed macrophages that were highly activated with large empty vacuoles (Fig. 5B) , and almost no SalY cocci could be visualized in the spleen homogenate samples (the total number of each strain isolated from spleens is reported in Fig. 2C ). These observations for the infected zebrafish splenic macrophages correlated with those in the murine macrophage tissue culture assay, in that a mutation in the salY gene results in an inability to survive in macrophages.
Infections in macrophage-depleted zebrafish. To substantiate that the SalY mutant attenuation was specific to a susceptibility to macrophage-killing in vivo, zebrafish were treated with CAR to specifically deplete macrophages. CAR is a highmolecular-weight sulfated polysaccharide generated from marine plants that has been demonstrated to specifically deplete macrophages without affecting neutrophil activity in mice and guinea pigs (21, 31) . Spleen homogenates from CAR-treated zebrafish without infection were examined first to confirm that CAR functions in zebrafish as has been shown for mice (11, 18) (see Materials and Methods). Zebrafish were injected i.p. with 100 g CAR or with sterile PBS as a negative control prior to i.m. injection of a specific S. pyogenes strain. To confirm that the increased virulence of the SalY mutant in the zebrafish was due to the depletion of macrophages and not simply to the toxicity of the CAR treatment, the Emm mutant was included in the CAR assays. If the increase in virulence observed in SalY-infected, CAR-treated zebrafish is the result of toxicity from the compound, then the Emm mutant would also exhibit the same level of virulence. The levels of bacterial loads over time were examined by infecting CAR-treated zebrafish with the three indicated strains (Fig. 5C) Fig. 2C and 5C ). However, the SalY mutant shows a 55-fold increase in CFU count compared to the CFU count at the 12-hour time point in the fish without CAR. Similarly, the wild type exhibits an increase of less than 10-fold for the next three time points, while the SalY mutant shows 47-fold, 85-fold, and 165-fold increases in CFU counts for the 16-, 20-, and 24-h time points, respectively, compared to results at the same time points for the fish without CAR (Fig. 2C and  5C ). While the Emm mutant CFU count was higher overall in the CAR-treated fish than in the PBS-treated fish, the CFU count was still approximately 50-fold lower than that of the SalY mutant and more than 2 logs lower than the CFU count of the wild-type strain. This attenuation most likely was due to the susceptibility of the Emm mutant to neutrophil killing because of the loss of the antiphagocytic M protein, while the SalY mutant still expresses the M protein.
Wild-type-infected zebrafish exhibit a large white lesion at the site of injection in the dorsal muscle, while infection with either the SalY mutant or the Emm mutant does not result in a lesion (Fig. 6A) . However, CAR treatment of zebrafish restores the ability of the SalY mutant to cause excessive necrosis to a level similar to that seen in the wild-type-infected zebrafish (Fig. 6B) . Conversely, in spite of CAR treatment, injection of the Emm mutant results in very little necrosis and no lesion development, suggesting that the restoration of virulence observed with the SalY mutant is due specifically to the depletion of the macrophages.
DISCUSSION
In recent years, S. pyogenes, a prototypical extracellular pathogen, has demonstrated the ability to survive in the intracellular environment (23, 24, 27-29, 36, 41, 51, 53) . This ability would offer several advantages, such as escaping many of the toxic immune factors that are produced by the host during an infection or antibiotic treatment. On the other hand, this new environment also presents many challenges to an organism not adapted to that setting, creating a selective pressure for acquisition of new mechanisms for survival. Intracellular survival mechanisms would be particularly important within phagocytic cells, where survival strategies must include escaping the multiple cytotoxic mechanisms used to process and present foreign antigens. Previously described factors involved in the intracellular survival of S. pyogenes in host cells include streptolysin O, which contributes to escape from the endocytic vacuole and evasion of lysosomal killing (14, 32) , and SpeB, specifically in macrophages (51) . In addition, the M protein functions in (51) . Biopsy specimens from these patients were obtained after antibiotic treatment, and high levels of viable bacteria could still be recovered from these samples, suggesting that because of the intracellular survival of S. pyogenes, phagocytic cells may serve as a reservoir for this organism. The data presented here are consistent with the results from the human biopsy specimens and provide some insight into how S. pyogenes survives in this cell type. Therefore, further characterization of the SalY mutant will add to our knowledge of the pathways involved in the intracellular survival of group A streptococcus in macrophages.
Many gram-positive organisms produce lantibiotics, and the salivaricin A lantibiotic has been well characterized in S. salivarius (37, 42, 44, 52, 54) . Synthesis of a lantibiotic provides an offensive strategy when bacteria are inhabiting an environment where competition for colonization is intense, such as the highly colonized oral cavity. In this environment, the production of salivaricin A would be highly advantageous for S. pyogenes, as colonization of the oral pharynx is necessary for the onset of pharyngitis, one of the many diseases caused by this pathogen. However, if a strain has evolved to become more invasive, thereby colonizing tissues or environments that are normally sterile, then the need for synthesis of a lantibiotic against other organisms would be less important. This hypothesis is supported by the discovery that almost all S. pyogenes strains tested to date do not produce a functional SalA lantibiotic (42, 44) . However, the sal locus has been highly conserved in almost all S. pyogenes strains examined, suggesting the possibility that a selective pressure for retaining the locus exists.
The SalA peptide has been shown to have a dual function, as a lantibiotic in the processed form and as a signaling peptide for transcriptional regulation of the locus (52) . Retention of the structural gene for SalA suggests that even though the peptide is not processed into the active lantibiotic (due to mutations in the processing protein, SalM) (Fig. 1) , it may still be produced and secreted for either the signaling process for transcriptional regulation or another unknown function. Supporting the role of the sal locus in virulence are data from a recent study that demonstrated that HSC5 salA expression was increased 15-fold, as shown by microarray analyses, in the muscle tissue of a murine model for S. pyogenes infection (26) . According to the HSC5 sal operon sequence analysis, the only putative promoter driving transcription of the salA-salY genes is found at the beginning of the locus, upstream of salA, consistent with the concomitant increased expression of downstream genes during the murine muscle infection. Therefore, since most S. pyogenes strains are not producing an active lantibiotic, the function of the locus may have evolved to serve a different purpose. In support of this hypothesis, antibiotic peptides, which are cationic, low-molecular-weight, heat-stable bacteriocins (19) , share a great deal of similarity with antimicrobial peptides produced by eukaryotic cells, in that the peptides are similar in size and cationic and amphiphilic in nature (43, 56) . Furthermore, in phagocytic cells, some antimicrobial peptides are constitutively present (56) . Because of the significant amino acid changes in the SalY protein sequence of S. pyogenes compared to that of S. salivarius, as well as 14 of the changes resulting in a change in charge located on the extracellular domain of the protein, the substrate specificity of this putative transporter may have changed from salivaricin A to a macrophage factor, perhaps an antimicrobial peptide, that is detrimental to S. pyogenes intracellular survival. The data presented here support the hypothesis that the function of SalY in S. pyogenes may have evolved to provide a novel mechanism for intracellular survival.
The ability of pathogens to sense and adapt to cationic antimicrobial peptides is well established in the literature. The PhoP/PhoQ quorum-sensing system was found to sense sublethal concentrations of cationic antimicrobial peptides in both Salmonella enterica serovar Typhimurium and Yersinia pestis intracellularly in macrophages, and genes under PhoP/PhoQ regulation were identified as being necessary for the survival of both organisms in macrophages (1, 12) . Changes following PhoP activation include synthesis of cation transporters (45) . The pathogen Burkholderia pseudomallei has been shown to be resistant to cationic bactericidal peptides, and this resistance contributes to the ability to survive intracellularly in phagocytic cells (4, 20) . An efflux pump responsible for the resistance of B. pseudomallei to aminoglycosides and macrolides was found to be necessary for intracellular survival. Although a direct correlation has not been made, the efflux pump may be able to expel host antimicrobial peptides found in the intracellular environment (7) . Using this scenario, the SalY protein may have evolved through changes in specific substrate binding to function as an immunity protein for antimicrobial peptides produced by macrophages during an infection. The locus, therefore, would be retained to support this immunity function, particularly in strains that have adapted to the intracellular environment.
Collectively, the results presented here introduce a role for the sal locus in virulence. With the introduction of two random mutations in one locus (salY and salK), it is clear that this lantibiotic locus contributes significantly to S. pyogenes pathogenesis. We propose a model whereby a lantibiotic operon has evolved to function in protection from the host during infection. The evidence for such a model is (i) the conservation of the immunity and regulatory portions of the locus in the majority of S. pyogenes strains in the absence of an active lantibiotic, (ii) the loss of function of the putative immunity protein for protection against salivaricin A for virtually all S. pyogenes strains, and (iii) the changes in charged amino acid residues in the SalY immunity transporter protein, suggesting a change in substrate specificity. Further analysis of the sal locus in virulence will add to our knowledge of how an extracellular pathogen has adapted to survive in the intracellular environment and thus escape clearance by the host immune system.
